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Borate esters B(OR), and boronate esters RB(OR), undergo ion-molecule reactions to yield 
both addition products (by an implied radiative emission mechanism), ligand exchange, and 
proton transfer products, in both positive and negative ion modes. Although an acidity for 
CH,B(OR), could not be determined, HOB(OR), has an acidity between acetaldehyde and 
nitromethane. In light of the negligible polar electron acceptor properties of the -B(OR), 
group, that functionality must therefore be one of the best resonance electron acceptor 
groups known, almost half again as effective as the nitro group. (I Am Sot Muss Spectrom 
1994,5, 169-176) 
T he ability of boron to act as a Lewis acid via its empty p orbital is well known [l]. The ability of this empty orbital to act as a stabilizing function- 
ality for Br@nsted acids, by charge delocalization from 
an adjacent anion, as shown in 1, has not been as 
extensively explored. The isoelectronic relationship that 
the boron atom has to electron-deficient carbon (i.e., 
R3B and R3C+, RB(OH)2, and RCO2H, etc.) provides a 
useful rationale for this ability. Behavior of this latter 
type has not been widely investigated in solution, 
because solvents polar enough to solvate such anionic 
species are in general also good Lewis bases and will 
complex with the boron, thus destroying the possibil- 
ity of internal charge stabilization by resonance. 
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The lack of accessible d orbitals for bonding in 
boron makes this resonance interaction even more in- 
triguing. Calculations on vinylboronate esters show a 
high degree of resonance through the carbon-boron 
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bond [lb], predicting the strong electrophilic reactivity 
of the resulting electron-deficient double bond. 
Boron-stabilized carbanions have been used in solu- 
tion as synthons for cY-hydroxy carbanions [2-61. These 
are generally produced irreversibly; other than the 
simple bracketing based on how strong an alkyllithium 
base is necessary to deprotonate these, there are few 
solution phase pKa data [7]. Two borinate groups will 
stabilize a carbanion about as much as three phenyl 
groups 131. Only one case is known where a carbanion 
is stabilized by a single borinate group [8]. Such anions 
have been observed in the gas phase as well, both from 
low energy electron impact on triethylborane [9] and 
by deprotonation of trimethylborane by various an- 
ionic bases [lo]. In the latter study, a rough bracketing 
of the acidity of (CH,),B proved possible; and the 
value obtained (AG,,,, = 360 f 5 kcal/mol) [ll] illus- 
trates that boron-containing functionalities can exhibit 
greater electron accepting ability fhan is indicated by 
their polar substituent parameters. Likewise, alkylbo- 
rane 2 gives an (M - H)- ion on deprotonation by 
various bases, with a bracketed acidity of AG,,, = 
362.2 f 4.0 kcal/mol [12]. 
Me CH=CH 
\/ \ . , 
‘@a, 
Me/C\CH=CIf 
2 
The polar effect of a boron group must also be 
considered. Boron is more electropositive than carbon, 
but slightly less so than hydrogen. Based on 19F NMR 
shifts, a polar substituent constant (T, of -0.056 is 
reported for -BMe,, and -0.07 for - B(OMe), [13]. 
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The g, substituent parameter for the -B(OnBu), 
group, as derived from the infrared frequencies of the 
O-H stretch in hydrogen bonding from phenol to 
the borate ester, is comparable to hydrogen with u = 
0.0, and slightly electron accepting relative to methyl 
[ 141. The -B(nBu), group is between hydrogen and 
-B(OEt), in its polar effect [14]. The polar effect of 
these groups is thus small and slightly electron donat- 
ing; any major stabilizing effect of boron attached to an 
anion is not due to a polar effect. 
If other gas-phase acidities [ll] for carbon acids of 
the CH,-G type, where -G is an electron accepting 
group such as nitro, cyano, carbonyl, etc., are corre- 
lated with the substituent constants q’,, (polarizability), 
crF (field or inductive effect), and crR (resonance) [15, 
161, eq 1 is obtained. 
AG,,, = 16.2. vu - 30.6. crF - 148.3. uR + 405.0 (1) 
By using u,(-BMe,) = -0.056 from above and 
m,, = -0.4 (comparable to -NMe,), then the above- 
cited gas-phase acidity for trimethylborane gives 
(~a(-BMe,) = 0.27, comparable to the largest known 
for any -G, and half again the size of the value for 
-NO,. It is evident that the rr electron accepting 
ability of boron containing substituents can be quite 
large. 
A recent review of the Hammett substituent con- 
stants indicates that - BX, groups have relatively small 
polar/field and resonance interactions (or and (~a < 
0.1) with a benzene ring for X = -Me and -OMe, 
and larger electron accepting effects (cr, and (~a 0.17 
to 0.23) for X = halogen [17]. (The parameters (T, and 
(or are essentially equal numerically.) 
There have been several reports 118201 of borate 
and borinate ion chemistry in the gas phase. There are 
several revealing differences between the chemistry 
that we observe and that reported by others 1191, 
which we believe are due to the different time scales of 
drift versus trapped cell ion cyclotron resonance (ICR) 
spectrometry. There have been other studies concern- 
ing the ionic Lewis acid chemistry of boranes in the 
gas phase [21], but little systematic work on the 
Brensted chemistry. Borate and boronate derivatives 
have been used in mass spectrometry [22]. To further 
examine the ability of boron to stabilize adjacent an- 
ions, as well as to examine reactivity related to the 
Lewis acidity of such species in the gas phase, we have 
investigated the gas-phase ion chemistry of a number 
of borate and boronate esters by using pulsed ICR 
spectrometry. 
Experimental 
All experiments were carried out by using an ICR 
spectrometer which has been previously described [23]. 
Much of the work in this study was carried out by 
using a computer controlled system for the ICR spec- 
trometer, operating under either intermediate passage 
conditions [24] for quantitation of peak intensities, or 
Fourier transform conditions for mass identification. 
The ICR cell is a cubic cell utilizing a capacitance 
bridge detector [24]. The Fourier transform capabilities 
of this instrumentation involve a partial IonSpec data 
system, interfaced to an IBM 8088 PC-1 computer by 
means of a Tecmar Labmaster board. We are currently 
limited to 32K transforms due to memory limitations 
of the PC. Typical conditions for data acquisition in 
elude 7 V p-p chirp excitation from a Rockland fre- 
quency synthesizer over the frequency range corre- 
sponding to the masses of interest, digitization of the 
signal at up to 2 MHz as appropriate by the Nyquist 
criterion, and fast Fourier transform with the Mi- 
croWay 87FFT software (Program 87FFTTM, Ver. 1.12, 
MicroWay Inc., Kingston, MA), after one zero fill and 
Blackman-Harris apodization 1251. Neutral gas pres- 
sures were generally in the range of 5 X 10m7 to 5 X 
10d6 torr. Spectra are presented in magnitude mode. 
In general, the instrument is tuned by using rapid scan 
conditions, for real-time feedback of the effect of 
changing parameters, then Fourier transform spectra 
are acquired to survey what reactions are occurring. 
Finally, rate and equilibrium constants are determined 
by using rapid scan detection, which is more accurate 
for signal intensities than Fourier transform detection 
P61. 
Trimethylborate and triethylborate were obtained 
commercially (Aldrich Chemical Co., Milwaukee, WI) 
and were distilled under nitrogen prior to use. The 
alkylboronate esters 4 and 5 were synthesized by the 
general method of Matteson et al. [5] and were used 
after distillation of the samples over a 0.5 “C range 
(compound 4, b.p. 132.5-133.0 “C; compound 5, b.p. 
151.5-152.0 “C). Alkoxide anions were generated by 
dissociative electron attachment to the corresponding 
nitrite esters, which were prepared in situ [27]. Hy- 
droxide and amide ions were generated by electron 
impact on water and ammonia, respectively. All com- 
pounds were subjected to the usual freeze-pump-thaw 
cycles on the ICR foreline immediately prior to use. All 
reaction sequences were confirmed by double reso 
nance techniques [28]. 
Results 
Positive ion Chemistvy 
Borate esters. Conventional mass spectrometric stud- 
ies of trimethylborate [14] and triethylborate [29] have 
documented the unimolecular fragmentation patterns 
of these compounds under electron impact. At moder- 
ately low pressures (ca. 5 x 1(le7 torr) and short reac- 
tion times (50 msec), we observe essentially the same 
ions as seen by Hettich et al. [18]. In the ICR spectrom- 
eter, the unquenched spectrum of trimethylborate, cor- 
responding roughly to long reaction times 1301, shows 
only two ion-molecule products. The major product 
ion is the cluster of masses from m/z 175 to 177, 
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corresponding to two borons or (ZM - 31)+. By double 
resonance, this is the result of addition of the parent 
radical cation to the neutral molecule with subsequent 
stabilizing loss of a methoxy radical. The minor prod- 
uct ion, (2M - 45)+, is 2% of the size of the (2M - 31)+ 
peak. It is the result of an analogous process in which 
the primary fragment ion (M - 15)+‘ adds to the neu- 
tral borate, followed by loss of a CH,O group. All 
other primary fragment ions disappear by rapid reac- 
tion via charge transfer to the neutral borate. This is 
similar to the pattern of reactivity seen in high pres- 
sure chemical ionization mass spectrometry using 
trimethylborate as a reagent gas [22]. 
Triethylborate has a primary fragmentation spec- 
trum somewhat more complicated than the methyl 
ester [18]. Double resonance indicates that the pro- 
cesses giving rise to these peaks are all very similar: 
each primary fragment ion A+ or the parent radical 
cation adds to the neutral borate, followed by loss of 
some neutral fragment, usually the ethoxy radical. 
Again, we observe essentially the same reactivity pat- 
tern as Hettich et al. 1181. 
The reactions of neutral borate esters with a variety 
of ionic reagents are summarized in Table 1. Two 
major reaction pathways are observed: proton transfer, 
and nucleophilic attack at boron, with accompanying 
loss of HOR. This latter pathway is effectively a l&and 
exchange at boron, but with the charge transferred as a 
proton to the boron compound. Reaction with CH: 
results in proton transfer only, because the conjugate 
base of the cationic acid is nonnucleophilic. Protonated 
water, methanol, and ethanol give both simple proton 
transfer forming (RO),B - O+(H)R, and ligand ex- 
change plus proton transfer. Acids weaker than 
protonated ethanol give only ligand exchange with 
the proton ending up on the most basic site, usu- 
ally the new boron species. Even the neutral borate 
ester can act as a ligand source: B(OMe), reacts with 
[(EtO)ZB]ZOEt+ with ligand interchange. 
It is not trivial to determine the gas-phase basicity 
of the borate esters, because of this facile ligand inter- 
change. MNDO calculations [31] predict that the gas- 
phase basicity of B(OMe), should be comparable to 
that of methanol, and the basic@ of B(OEQ, should be 
comparable to that of ethanol. Thus, reaction 2 involv- 
ing both proton transfer and ligand exchange should 
be approximately thermoneutral for any R’ group: 
(RO)3B + R’OH: -8 (R0)2BO(H)R’++ ROH (2) 
We observe appreciable amounts of both protonated 
borate and protonated alcohol for R = R’ = Me or Et 
in reaction 2. For B(OMe), and methanol, the equilib- 
rium appreciably favors the protonated borate ester, 
though an exact equilibrium constant could not be 
obtained. When acetonitrile, comparable in basicity to 
Table 1. Reaction products of B(OR), with various ions 
Product ions 
Neutral Ion M + Ha M-L+lb Other 
B(OMe), CH; 
B(OMe), H,O+ 
B(OMe), MeOH: 
(M~~),B(OM~)H+ 
(MeO),B(OMe)H+ (MeOl,~,B(OHI,H+ 
(MeO),B(OMe)H+ 
B(OMe), EtOH: 
B(OMe), MeCNH+ 
E(OMe), NH: 
B(OMe), nPrNH: 
B(OMe), ~(EtOl,B~,O(Et)f 
B(OEt), MeOH: 
B(OEt), EtOH: (EtO),B(OEt)H+ 
B(OEt), I(M~~I,BI,~M~+ 
B(OMe), NH; 
BfOMe), HO- 
BtOMe), MeO- 
B(OM.4, CHZ=CHO- 
BtOMe), O-. 
(MeO),BH- 
B(OEt), MeO- (EtO),BH- 
(MeO),.,B(OEt),H+ 
(MeOl,B-NECMe’ 
(MeO),BNHi 
(Me012BNH2nPr+ 
B,(OEtJ s_” (OMe): 
“=1-S 
(EtO),.,B(OMe),H+ 
B,(OMe) s_” (OEt), 
ll=,-S 
(MeO&,BNH- 
(MeO),BO- (M~o),B(oH)- [M+ 11 
(MeO),B- [M + II 
(MeO),BCH=CHO- 
(MeO),BO- (MeO),BO-’ [M + II 
(M -H)- 
HOCH,O- 
(MeO),BOB-IOMe),C 
(MeO),,B(OEtI; 
a Neutral plus proton or hydride. 
b Neutral q (OR), + ion - ROH. 
‘Tertiary ion from reaction of (MeO),BO~ with neutral 
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these alcohols [II], is added to the ICR vacuum sys- 
tem, the ligand exchange reaction 3: 
MeCENH++ B(OMe), + 
MeC=N+- B(OMe), + MeOH (3) 
is observed. Similarly, reaction of NH: or r&NH: 
with B(OMe), results in ligand exchange and loss of 
MeOH. This is intriguing in that endothermic proton 
transfer (approximately 33 kcal/mol) from the pro- 
pylammonium ion to the borate ester must be the first 
step in such a mechanism, followed by nucleophilic 
attack at boron, then loss of methanol. This endother- 
mic proton transfer must be driven by the complexa- 
tion energy of the ion and neutral; for the proton 
transfer to occur, part of the Lewis acid/base complex- 
ation energy must be present at the end of proton 
transfer, or the reaction would be too slow to observe. 
AM1 calculations [32] indicate that the complexation 
enthalpy of 1-aminopropane to protonated B(OMe), is 
ca. -54 kcal/mol. Although considerably larger than 
most ion-molecule complexation energies, this is con- 
sistent with the covalent N-B bond formed in this 
step. 
Use of protonated benzene as a cationic acid with a 
relatively nonnucleophilic conjugate base results in 
establishment of equilibrium with no ligand exchange, 
with the borate ester 1.1 kcal/mol more basic than 
benzene. This yields a AGbase for B(OMe), of 175.7 
kcal/mol (proton affinity = 181.9 kcal/mol, derived 
from a AS,,, calculated from only the change in 
symmetry numbers) relative to benzene (gas-phase 
basicity = 174.6 kcal/mol 191). This is consistent with 
the above results using methanol as a base/ 
nucleophile; methanol’s gas-phase basicity of 174.1 
kcal/mol is only 1.6 kcal/mol weaker than that of 
(MeO),B. It also is consistent with the reported proton 
affinity for (HO&B of 175.6 kcal/mol[33]. 
Boron&e esters. The reactions of the cyclic boronate 
esters 3-5 can be summarized as shown in Scheme I: 
simple addition of the ion Mt to the neutral boronate, 
as well as ions arising from loss of fragments (C,H,O 
and C6H,,0 for 3, CH,O and CsH,,,O for 4 and 51 
from the addition product. For 4 and 5, there are also 
ions from comparable pathways, from the precursor 
ion (M - 15)* from 4 and (M - 29)* from 5. The 
observed products arise from pathways comparable to 
those of the borate esters’ reactions with neutrals, but 
without the complications of ligand exchange. The 
major difference between the positive ion chemistry of 
the boronates and the borates is that stable ion-mole- 
cule addition products M. M+ are observed with the 
boronates, presumably because these compounds, un- 
like the borates, cannot lose a simple alkoxy radical to 
stabilize the addition complex. Cleavage of a B-O 
bond can occur, but the ligand is still attached via its 
Scheme I 
other end to the boron, as shown in Scheme I. 
0-C(Me), 
/ o-c\Hz 
MeB 
\ 
R-B; CMe, 
0-C(Me), O-C/H 
3 
4, R= M: 
5, R= Et 
At the low neutral pressures used in the ICR spec- 
trometer, simple addition of an ion to a neutral species 
requires some method of disposal of the excess energy 
of bonding or clustering to stabilize the product with 
respect to unimolecular dissociation [34]. Such relax- 
ation of the addition complex must be either a colli- 
sional or a radiative process [35]. The observed 
boronate addition complexes exhibit bimolecular rate 
constants for formation that are not appreciably af- 
fected by changes in the neutral pressure, as shown for 
5 in Figure 1. At lo-” torr, there is an ion-molecule 
collision on the order of every 30 msec. Although we 
cannot observe emitted radiation directly, it has previ- 
ously been shown that this lack of pressure depen- 
dence may be taken as good evidence for radiative 
relaxation [35]. For a radiative relaxation process to 
occur, the complex must have a rate of decomposition 
comparable to or slower than its rate of radiative 
.D 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Y Pressure. microtorr 
Figure 1. Bimolecular rate constants for formation of [M Ml’ 
of 3, as a fmciion of pressure. 
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emission. In the case of the boronate esters, a long 
complex lifetime is easily rationalized. Assuming that 
formation of the addition complex is accompanied by 
cleavage of a B-O bond, this creates a large and 
unconstrained group which adds additional torsions 
and internal rotations to the complex, greatly increas- 
ing the number and density of vibrational states. In 
addition to this, a complex of this type should have a 
relatively fast radiative emission rate; theory indicates 
that compounds having intense infrared absorbance 
bands in the 1000 to 1300 cm-’ region [35] are likely to 
have large radiative emission rates. The B-O bond 
has one of the strongest known infrared intensities 
(large matrix dipole moment) and is in the region of 
1350 cm-‘. The complexes formed with the boronates 
3-5 have three B-O bonds each, and are thus likely 
candidates for radiative relaxation. 
Negative Ion Chemistry 
Borufe esfers. Trimethylborate and triethylborate react 
with methoxide to yield both (M + H)- ions and 
(M + 31)- addition products, as given in Table 1. The 
former arise from hydride transfer from CH,O- or 
HNO- to the boron atom; this has been observed in 
reactions between methoxide and other Lewis acids 
[12, 361. In regard to the (M + 31)- ions, as discussed 
in the preceding section, ionic addition reactions are 
rare in the pressure regime of the ICR spectrometer, 
because there is no convenient sink for the excess 
energy. The attractive forces between the ion and the 
neutral dipole are great enough that a deep well exists 
on the potential surface for the complex, so addition 
complexes are likely to be highly excited species with 
short lifetimes. MNDO cakulations [31] indicate that 
the methoxide affinity of B(OMe), is 39 kcal/mol; at 
the AM1 level [32], the B-O bond in [(Me0)3B - 
OMe]- is calculated to be 57 kcal/mol. We have no 
basis for choosing one of these as being more accurate; 
however, as noted below, AM1 calculations yield 
acidities for R*BCH, carbon acids 25 kcal/mol too 
weak, and acidities for R,BOH oxyacids 16 kcal/mol 
too strong. We note that MNDO calculations agree to 
within 5 kcal/mol with the bond energies for [MeBH2 
- OMe]- and lMeOBH2 - OMe]- calculated at the 
4-31G level [ 191, and also agree with the experimental 
bond energies [37] for [BH3 - CN]- and [Et,B - HI- 
to within 8 kcal/mol. Also, MeO- ... HOMe transfers 
methoxide to BlOMe), [20], indicating that experimen- 
tally the B-O bond strength must be at least 29 
kcal/mol[38]. We have no reliable experimental upper 
limit on this bond energy at present. The enolate of 
methyl acetate has a methoxide affinity of 47 kcal/mol 
[ll] (i.e., methoxide bound to ketene). It does not 
transfer methoxide to B(OMe),, but rather yields an 
ion corresponding to (MeO), BCH =C(OMe)O- , 
equivalent to a Claisen condensation. This cannot be 
taken as an upper limit to the metboxide affinity of 
B(OMe),, therefore. It seems unlikely, however, that 
this would be as strong as the fluoride bond in BF,- at 
71 kcal/mol [ll]. We thus say that the methoxide 
affinity of B(OMe), is probably 50 k 15 kcal/mol. 
Based on these estimates of the energy of bond 
formation, the initially formed complex must therefore 
be highly excited vibrationally, and requires some 
method of disposing of this energy to live long enough 
to be detected by the ICR technique. The rate constants 
for appearance of the addition product of methoxide 
plus trimethyl borate reveal a slight negative pressure 
dependence: The apparent bimolecular rate constant 
decreases from 3.0 x 1O-1o cm3/mol + set at 9.0 X lo-’ 
torr, to 1.0 X 10-i’ cm3/mol. set at 5.3 X 10m7 torr, 
with uncertainties in the rate constants of ca. 25%. We 
are not sure whether the negative pressure depen- 
dence is an artifact, possibly due to more complete 
internal thermalization of the reactant methoxide at 
the higher pressures, but a similar negative pressure 
dependence was seen for alkoxide addition to alcohols 
[35]. Arguments for this process being in part radiative 
may be made along the same lines as for the positive 
ion complexes: good infrared radiative structures exist 
in the four B-O bonds in the adduct. 
It is noteworthy that in a drift cell ICR experiment 
[ 191, similar adducts were noted but were attributed to 
collisional stabilization at the relatively high pressures 
used (1 X 10m5 torr). Adduct formation was found in 
that case to be considerably more facile for alkoxides 
adding to borate esters than for the same alkoxides 
adding to trialkylboranes [19]. This was attributed to 
the reduced Lewis acidity of B(OR), relative to BR,. In 
light of the present study, the radiative ability of 
(RO),B- with four B-O bonds versus that of 
RO(R’),B- with only one may be a more important 
factor. 
For BfOEtI, reacting with methoxide, an (M + 45)- 
ion is observed, which double resonance studies indi- 
cate is derived from the (M + 31)- addition product, 
and not from an ion of m/z 45-. This indicates that an 
exchange of alkoxide ligands can occur on the collision 
of the addition product (EtO),B-OMe with another 
neutral borate molecule. Similar ligand interchange 
was observed in the drift cell study [19] for borate 
esters, but not for trialkylboranes. If methanol is pre- 
sent in the vacuum system, then methoxy and ethoxy 
ligands are both available for exchanges into the addi- 
tion products on collision with methanol or with the 
borate. Figure 2 illustrates the unquenched spectrum 
1301 obtained in this experiment; it shows a series of 
peaks with a spacing of 14 mass-to-charge ratios in the 
range of m/z 135- to m/z 19X-. When no methanol is 
present, only (EtO),B(OMe)- at m/z 177- and 
(EtO),B- at m/z 191- are observed. As the methanol 
pressure is increased, the relative intensity of the higher 
mass peaks decreases and (EtO),B(OMe); at m/z 
163., EtOB(OMe); at m/z 149-, and (MeO),B- at 
m/z 135- grow in. The spectrum shown represents 
approximately equal pressure of methanol and triethyl 
borate. Scheme II illustrates the sequential exchange 
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Figure 2. Unquenched mass spectrum of reaction of (EtO),B 
with methoxide. Scale is in daltons. 
equilibria involved in the generation of such a spec- 
trum. Exchanges of the ligands may occur on collision 
with either the neutral borate or methanol. 
One problem dealing with structural assignments 
involves the ion at m/z 149-. Nominally EtOB-(OMe), 
by Scheme II, this might also arise as shown in the 
elimination/addition reaction 4: 
MeW+ B(OEt13 
+ [ MeOH + CH,=CH, + -OB(OEO,] 
m/z 117 
+ [ MeO- .I. HOB(OEt), + C,H,] 
@tO), I!-&HXOMe) 
m/z 149 
(4) 
However, this ion should also undergo the ligand 
exchange reaction described above with the methanol 
present, culminating in HOB-(OMe), at 121-. No ion 
of that mass is observed in the spectrum, implying that 
this elimination/clustering mechanism is not operat- 
ing. The presence of a small peak at m/z 117- in 
Figure 2 indicates that some elimination occurs, but 
without the clustering shown. This peak is not present 
in the spectrum at long reaction times, indicating that 
it is a very minor product, formed slowly. This agrees 
with the results from drift cell ICR investigations [IY] 
of this system, where small amounts (1~3%) of 
(RO),BO- product are produced, from either displace- 
ment (R = Me) or elimination (R = Et) reactions, with 
a variety of alkoxide reactants. In our trapped cell 
experiments, when O-‘ is used as the primary ion with 
B(OMe),, (MeO),BO- becomes the most prominent 
signal in the spectrum, ca. 62% of the ionic prod- 
ucts. This ion reacts with (MeO),B to give an 
addition product, (MeO),BOB(OMe);. The acidity 
of the conjugate acid of (MeO),BO- is bracketed 
between tBuCH=NOH (AG,,,, = 355.8) and pyrrole 
(AG,, = 350.9) [II], yielding AGncid = 353.4 + 4.5 
kcal/mol for (MeO),BOH. By using statistical mechan- 
ics to calculate AS,,, [ll], a AH,,, of 360.3 f 4.8 
kcal/mol is found, compared to a value from the 
MNDO method [31] of 361.1 kcal/mol. 
The acidities of XOH compounds of this type have 
been shown by Taft et al. [15] to be correlated with a 
master equation: 
AGacid = 23.4. a, - 73.4. cF - 72.8. uR + 384.5 (5) 
where a,, rF, and oR are polarizability, field/induc- 
tive, and resonance parameters, respectively. A nF 
value of -0.07 for the -B(OMe), group is available 
from 19F NMR shift data [13], and the polarizability of 
- B(OMe), is taken as equal to that of the correspond- 
ing alkyl group, for u_ = -0.72 [15]. This latter is 
justified because the bulk polarizability of (EtO),B is 
within 2% of that for (EtO),CH and Et&H [39]. By 
using the We for -BMe, of 0.27, derived at the begin- 
ning of this article, a AG,,, of 353.1 kcal/mol is 
calculated from the equation, agreeing very well with 
the experimental value. This may be fortuitous in that 
the -B(OMe), group would be expected to be not as 
good in stabilizing negative charge by resonance as 
-BMe, (smaller (TV), due to electron donation from 
the oxygens to the boron reducing its accepting ability. 
Considering the uncertainties in the values for the field 
and polarizability parameters, we view this application 
of eq 5 as semiquantitative, but in agreement with the 
experimental results. 
Reaction of NH; with B(OMe), results in produc- 
tion of (MeO),BNH-, presumably by an addition/ 
elimination/deprotonation sequence of reactions. 
MNDO calculations predict AH,,, = 374.5 kcal/mol 
for the neutral amine; no attempt was made to bracket 
the acidity directly. 
Boronate esters. The initial impetus for this work was 
to produce and examine the properties of carbanions 
generated OL to boron atoms. MNDO calculations yield 
an anion proton affinity (AHnc,d) of 380.0 kcal/mol for 
4. Because MNDO calculations yield a value for the 
anion proton affinity of trimethylborane of 360.7 
kcal/mol, within 1 kcal/mol of the experimentally 
determined gas-phase number Ill], we are reasonably 
confident of their general accuracy in this case. The 
J Am SW Mass Spectrom 1994, 5,X9-176 ION CHEMISTRY OF BORATE AND BORONATE ESTERS 175 
acidity calculated for 4 is comparable to that of 
methanol (AH,,,d = 380.6 + 2.3 kcal/mol) [ill. We 
thus expect that methoxide thermochemically should 
be able to deprotonate boronate esters in the ICR 
spectrometer. 
Boronate ester 3, used in solution as a source of 
a-boron carbanions [2-41, in the gas phase displays an 
alternate reactivity on treatment with strong anionic 
bases. An (M - H)) ion is observed when 3 is reacted 
with methoxide. However, this (M - H)- ion does not 
exhibit the expected two deuterium exchange products 
when CHJOD is admitted to the system [41], an obser- 
vation which is consistent with the elimination prod- 
uct shown in reaction 6. The threshold for this elimina- 
tion process is at approximately AG,,, = 370 f 5 
kcal/mol (bracketed as occurring between methoxide 
and neopentoxide; AGacid methanol = 374.0 & 2 
kcal/mol, and AG,,, neopentyl alcohol = 366.2 f 2 
kcal/mol [ll]). A similar elimination product has been 
proposed elsewhere 1191. 
MeC-+ 3 
+ MeB’L(Me) C(Me)=CH 2 2 + MeOH (6) 
In contrast to 3, boronate ester 4 does not have 
reactive sites that could lead to an elimination reaction 
like 6 [41]. On reaction with methoxide, 4 yields anions 
at m/z 127 and m/z 159. The ion at m/z 159 corre 
sponds to the methoxide addition product of 4. The ion 
at m/z 127 is not the desired (M - H)- ion, however, 
but rather iodide. The iodide ion is ubiquitous in 
negative ion mass spectrometry whenever methyl io- 
dide is used in the synthesis of a compound, as was 
done for 4 and 5. Evidence for this assignment m- 
eludes a lack of deuterium exchange into 127- when 
MeOD is present, and the complete lack of reactivity of 
127- with any other reagent tried. Boronate ester 5, 
with the nominal (M - H)) ion shifted to 141 u, does 
not yield an ion at that mass on treatment with 
methoxide, but instead only an (M + 31)- ion, plus 
iodide. 
If hydroxide is used as the anionic base, the ex- 
pected (M - H)- elimination product on reaction with 
the boronate 3 is observed. There is also a low inten- 
sity (M + l)- ion, attributed to hydroxide addition to 
boron, followed by methane loss, to give a cyclic 
(RO),BO- ion. Addition of hydroxide to 3 is also 
observed, yielding an (M + 17)- ion, presumably via 
an addition/radiative stabilization mechanism, as for 
the borate esters. When deuteroxide, from D,O, is 
used as the base, no deuterium exchange or mass shift 
is seen for any of these ions, save that the (M + 17)- 
becomes an (M + 18)- ion. Similar reactivity is ob- 
served for 4 and 5 when deuteroxide generated from 
D,O is used: replacement of the R group on boron 
with -O-, but no evidence of a deuterium exchange, 
as in reaction 7. 
HO-+ RB(OR’)z + E&OR;] 
+ [R- . ..HOB(OR’)z] 
+ RH + -OB(OR’)z (7) 
Similar addition/elimination mechanisms have been 
proposed for nucleophilic addition to silicon esters 
[42]. Based on MNDO heats of formation, the loss of 
methane by this process is calculated to be essentially 
thermoneutral from the addition complex, and the 
addition complex of 4 plus hydroxide is ca. 50 kcal/mol 
exothermic from reactants, due to the covalent bond 
formation. There is thus sufficient energy present in 
the intermediate to drive this process. The equivalent 
process is not observed when methoxide is the base; 
the elimination of two methyl groups as ethane from 
the complex of borate plus methoxide is calculated to 
require about 7 kcal/mol more energy. This is still 
thermochemically allowed, but may involve a more 
elaborate mechanism. The m/z 129- ion undergoes 
further reaction, adding to the neutral boronate ester in 
a (presumably radiative) method, to yield an (M + 
129) ion. If deuteroxide is used as the primary anion, 
no deuterium incorporation is observed for m/z 129- 
or the (M + 129)- ions, consistent with the proposed 
mechanism. 
The reaction of ND;, generated by electron ioniza- 
tion of ND,, with 3, 4, and 5 does not produce any 
(M - I-l- ions, with the exception of the elimination 
product from 3. Only (1) addition products (M + D)- 
and (M + ND,)-, (2) addition/fragmentation prod- 
ucts such as (RO),BND-, and (3) hydrogen exchange 
species from NH, or H,O contaminants into the above 
ions are observed in the unquenched spectra [30]. 
Conclusions 
The borate and boronate esters investigated here all 
undergo Lewis acid/base reactions involving nucle- 
ophilic attack at boron, for both negative and positive 
ions. All attempts to deprotonate at a C-H cx to the 
boron were unsuccessful; only certain reactions involv- 
ing Lewis attack at the boron first, followed by a 
proton transfer, resulted in such cY-boronate anions. 
This gives (MeO),BO- and (MeO),BNH-. Such reac- 
tivity is in contrast to the trialkylboranes, where sim- 
ple proton transfer reactions appear to be facile 1191. 
The Lewis basicity of the borate and boronate esters 
dominates their ion-molecule reactivity. Lewis basic- 
ity is likewise important for the chemistry of gaseous 
silicon and titanium esters [20]. For the titanium esters, 
however, only Iigand interchange was observed, and 
no pentacoordinate titanate anions. For silicon, ligand 
interchange and pentacoordinate siliconate ions com- 
pete fairly evenly. For the borate and boronate esters in 
this study, the anionic products always involve the 
boron species; while ligand interchange occurs, the 
ligands that are lost are neutral alcohols. There thus 
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appears to be a range of Lewis basicity for these 
elements. 
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